Microelectrospray ionization-mass spectrometry was used to directly observe electron transferring flavoprotein⅐flavoprotein dehydrogenase interactions. When electron transferring flavoprotein and porcine dimethylglycine dehydrogenase or sarcosine dehydrogenase were incubated together in the absence of substrate, a relative molecular mass corresponding to the flavoprotein⅐electron transferring flavoprotein complex was observed, providing the first direct observation of these mammalian complexes. When an acyl-CoA dehydrogenase family member, human short chain acyl-CoA dehydrogenase, was incubated with dimethylglycine dehydrogenase and electron transferring flavoprotein, the microelectrospray ionization-mass spectrometry signal for the dimethylglycine dehydrogenase⅐electron transferring flavoprotein complex decreased, indicating that the acyl-CoA dehydrogenases have the ability to compete with the dimethylglycine dehydrogenase/sarcosine dehydrogenase family for access to electron transferring flavoprotein. Surface plasmon resonance solution competition experiments revealed affinity constants of 2.0 and 5.0 M for the dimethylglycine dehydrogenaseelectron transferring flavoprotein and short chain acyl-CoA dehydrogenase-electron transferring flavoprotein interactions, respectively, suggesting the same or closely overlapping binding motif(s) on electron transferring flavoprotein for dehydrogenase interaction.
Mass spectrometry and surface plasmon resonance are proving valuable techniques for functional proteomics, because each provides powerful detection and identification capabilities for assessing in vivo protein-protein interactions (1) . In this work, the interactions between electron transferring flavoprotein (ETF) 1 and two flavoprotein dehydrogenase families are assessed by microelectrospray ionization-mass spectrometry and surface plasmon resonance, demonstrating the complementarity of the two techniques.
ETF is a mitochondrial matrix electron acceptor that interacts with and accepts electrons from at least 10 flavoprotein dehydrogenases (2) . ETF donates these electrons to the electron transport chain via ETF⅐ubiquinone oxidoreductase (3, 4) . The acyl-CoA dehydrogenases, the first family of dehydrogenases identified to interact with ETF, are homotetramers with conserved tertiary and quaternary structures, one noncovalently bound FAD coenzyme molecule/protein subunit, and similar catalytic mechanisms (5) (6) (7) (8) (9) . Very long chain, long chain, medium chain, and short chain (SCAD) acyl-CoA dehydrogenases catalyze the first step of fatty acid ␤-oxidation in the mitochondrial matrix. The other members of this family, including isovaleryl-CoA dehydrogenase (IVD), are involved in branched chain amino acid metabolism. The second family of dehydrogenases that interact with ETF consists of dimethylglycine dehydrogenase (DMGDH) and sarcosine dehydrogenase (SDH) (10 -12) . These monomeric flavoproteins are active in choline catabolism. They also localize to the mitochondrial matrix but contain one molecule of covalently bound FAD/enzyme molecule. Stable complexes of the acyl-CoA dehydrogenases and ETF have been difficult to demonstrate, and interaction of the two has been observed only indirectly by monitoring transfer of electrons to ETF (13) , although complexes of trimethylamine dehydrogenase and ETF from Methylophilus methylotrophus have been studied by small angle analytical centrifugation, x-ray scattering, and x-ray crystallography (14 -16) .
Microelectrospray ionization is a gentle ionization technique that allows ionization of protein mixtures for detection of noncovalent complexes by mass spectrometry (17) . Microelectrospray ionization-mass spectrometry has been used to characterize noncovalent protein-protein, protein-DNA, protein-small ligand, protein-lipid, and protein-cofactor interactions (18 -24) . Surface plasmon resonance enables real time binding interaction measurements to determine kinetic and/or affinity values. Applications of surface plasmon resonance have included binding site and epitope mapping, ligand fishing, complex assembly ordering, inhibition assay, concentration determination, and binding kinetics (25, 26) . To further characterize the interactions between mammalian ETF and the flavoprotein dehydrogenases, we analyzed these complexes by microelectrospray ionization-mass spectrometry and surface plasmon resonance.
EXPERIMENTAL PROCEDURES

Protein Purification
Porcine and Human ETF-Porcine liver and recombinant human ETF (pETF and hETF, respectively) were purified as previously described (24, 27) .
Porcine DMGDH and SDH-The purification scheme for DMGDH and SDH purification from pig liver was similar to that previously described (12) . Mitochondria from pig liver were isolated and lysed, and after 40 -60% ammonium sulfate fractionation, the protein solution was loaded onto a DE52 (Whatman, Clifton, NJ) anion exchange column. Following elution of the pETF, DMGDH and SDH were subsequently eluted with a 0 -25 mM NaCl gradient in 10 mM Tris, pH 7.5.
Fractions containing DMGDH and SDH activity as determined by the ferricenium dye reduction assay (28) were pooled and dialyzed in 10 mM Tris, pH 7.0. The dehydrogenases were separated from each other on a higher resolution fast flow DEAE column (Amersham Biosciences) with a 0-25 mM NaCl gradient in Tris, pH 7.0. The fractions were assayed using the ferricenium dye reduction assay, and those with the highest activity were pooled. SDH was also purified from the 40% ammonium sulfate pellet after extensive dialysis in 10 mM Tris, pH 7.0, centrifugation at 50,000 rpm for 50 min in an Optima™ L preparative ultracentrifuge (Beckman Coulter, Inc., Fullerton, CA) using a Ti70 rotor, and chromatography on a fast flow DEAE column as above. The pooled DEAE fractions were dialyzed into 20 mM Tris, pH 8.0, and further purified on a folinic acid affinity column (12) . The sample was applied to the column, and it was washed with a 0 -1 M KCl gradient in 20 mM Tris, pH 8.0, followed by a 20 mM Tris, pH 8.0, 1 M KCl wash until the absorbance at 270 nm was stable. The dehydrogenase was then eluted with 0.1 M folic acid, 1 M KCl, 20 mM Tris, pH 8.0. The fractions containing purified protein were identified by SDS-PAGE, pooled, and dialyzed extensively in 20 mM Tris, pH 8.0, followed by dialysis in 4 liters of 10 mM Tris, pH 7.5. The sample was concentrated using a stirred cell concentrator with a 30-kDa YM regenerated cellulose acetate membrane (Millipore, Bedford, MA). Purified protein was separated from folic acid by chromatography on fast flow DEAE Sepharose as above. SDS-PAGE was used to assess purity. Final purified protein was stored at Ϫ80°C without glycerol.
Human SCAD and IVD-SCAD was purified as previously described (29) . Purification of IVD was similar to that previously described (30 -33) . Cell free crude extract was applied to fast flow DEAE Sepharose (Amersham Biosciences), and IVD was eluted with a 0 -225 mM KCl gradient in 50 mM potassium phosphate, pH 7.4, 1 mM EDTA. Fractions containing IVD activity were pooled and dialyzed against 10 mM potassium phosphate, pH 7.4. The sample was then applied to a 10-m ceramic hydroxyapetite column (Bio-Rad) and eluted with a 50 -175 mM potassium phosphate gradient at pH 7.4. Fractions with A 270 /A 445 ratios near 6 were pooled, concentrated, assessed for purity by SDS-PAGE, and stored in 20% glycerol at Ϫ20°C.
Microelectrospray Ionization Mass Spectrometry
All mass spectrograms were obtained using a Finnigan MAT 900 mass spectrometer (Bremen, Germany) of EB geometry. A modified Finnigan MAT electrospray source was used (24, 34) . Microelectrospray ionization measurements were obtained in positive ion mode with SF 6 introduced through the auxiliary gas port to prevent source corona discharge. The sample was introduced at 0.3 l/min and sprayed from a fused silica emitter of 20-m inner diameter. The microelectrospray ionization source voltage was at 3.2-3.9 kV, with a capillary temperature of 60, 120, or 200°C. Skimmer collision-induced dissociation conditions for disruption of complexes were facilitated by increased cap and tube voltages within the microelectrospray ionization source. The magnet was scanned over m/z ranges of 1000 -9000 at a rate of 5-20 s/decade. The position and time resolved ion counter array detector with an 8% mass window was used for ion detection. Multiple scans were collected and summed, and the multiply charged spectrograms were transformed to give relative molecular mass values using the Finnigan MAT software. Microcon 30 or 50 microconcentrators (Millipore) or P-30 gel filtration spin columns (Bio-Rad) were used to buffer exchange the proteins into 10 -20 mM ammonium bicarbonate, pH 8.0, or 10 -20 mM ammonium acetate, pH 6.0 or 7.0 (19) . For ETF-dehydrogenase interactions, equimolar ratios of ETF and dehydrogenase were mixed at room temperature and immediately infused into the electrospray source. Similarly, equimolar ratios of ETF and DMGDH were mixed with 10, 20, or 30 M SCAD for competition experiments.
Surface Plasmon Resonance
Surface plasmon resonance experiments were performed on a BIAcore™ 3000 Instrument using B1 sensor chips (BIAcore, Inc., Piscataway, NJ) (25) . Maleimide coupling was used to immobilize DMGDH (35) . Reference flow cells were generated using the same coupling procedure but without DMGDH injections. The running buffer consisted of 10 mM HEPES, pH 8.0, 150 mM NaCl, 0.002% Tween 20. Solution competition experiments were performed as described (36) . 
RESULTS
For characterization of ETF-dehydrogenase interactions by microelectrospray ionization-mass spectrometry, the flavoproteins were initially analyzed individually. The heterodimeric porcine and human ETF mass spectrograms displayed single charged series under nondenaturing conditions that, upon transformation, corresponded to the molecular mass of the respective holoproteins (24) . Additional characterization of ETF cofactor and subunit associations by mass spectrometry has been reported previously (24) .
Homotetramer Stability of SCAD and IVD during Electrospray Ionization-The acyl-CoA dehydrogenases are homotetramers containing one noncovalently attached FAD molecule/ monomer. To determine whether acyl-CoA dehydrogenases remain in the tetrameric state during ionization, recombinant human IVD and SCAD were analyzed by microelectrospray ionization-mass spectrometry under nondenaturing conditions. The two acyl-CoA dehydrogenase family members displayed differing tetrameric stability upon ionization. Two series of multiply charged ions were observed in the IVD spectrum, one of which corresponded to the homotetramer. The predominant series, upon transformation, revealed a relative molecular mass consistent with the predicted monomer size, indicating tetramer instability during ionization (data not shown).
Microelectrospray ionization-mass spectrometry analysis of SCAD revealed several ion series between m/z ϳ5900 -7000 (Fig. 1) . Transformation of the series yielded three to four different molecular masses, suggesting a heterogeneous population of tetrameric forms (Fig. 1, inset) . Because SCAD may bind one to four persulfide-CoA molecules during prokaryotic expression and purification (37), the microheterogeneity may reflect direct or indirect effects of this. SCAD incubated with acetoacetyl-CoA (a nonhydrolyzable substrate analogue that can displace persulfide-CoA from the substrate-binding pocket) prior to mass spectrometry yielded one predominant and one minor ion series (data not shown). On transformation of these multiply charged ions, the predominant species had a molecular mass of 174,006 Da (Ϯ0.01%), consistent with cation-adducted SCAD holoprotein containing four acetoacetyl-CoA molecules. The minor species is consistent with a cation-adducted acetoacetyl-CoA-bound SCAD homotetramer lacking either one FAD or one acetoacetyl-CoA molecule (relative molecular mass was 173,085 Da Ϯ 0.01%).
Microelectrospray Ionization-Mass Spectrometry Analysis Reveals Heterogeneity of Native Porcine Liver DMGDH and SDH-The molecular masses of DMGDH and SDH purified from pig liver were determined by microelectrospray ionization-mass spectrometry under nondenaturing conditions. The nucleotide and amino acid sequences for these proteins are unknown, although the nucleotide sequence from human and rat is available (38 -41) . Analysis of DMGDH yielded a series of multiply charged (ϩ18 to ϩ21) ions between m/z ϳ4200 and 5200 (Fig. 2) . The peaks representing the charged ions were wide, and the resulting transformation displayed a relative molecular mass distribution of about 2000 Da (Fig. 2, inset) . The mean molecular mass observed was 92,304 Da, similar to that calculated for the rat and human DMGDH amino acid sequences predicted for the mature protein (39, 42) . Similarly, the mass spectrogram for SDH displayed a series of multiply charged ions with large peak widths (data not shown). Transformation of the ion series revealed a relative molecular mass distribution that was also about 2000 Da wide with a mean molecular mass of 96,652 Da (data not shown). Large peak widths may reflect heterogeneity of protein samples (43) and/or adduction of salt and solvent molecules (37, 44, 45) . To determine an accurate molecular mass, organic acids and urea were used to denature the proteins; however, no further resolution of the molecular mass range was obtained.
Observation of Noncovalent Mammalian ETF⅐Flavoprotein Dehydrogenase Complexes by Microelectrospray-Mass Spectrometry-
The interaction of ETF with flavoprotein dehydrogenases has been poorly characterized because of the difficulties of directly observing the complexes. To study formation of these complexes, ETF and dehydrogenase were mixed at room temperature and infused into the electrospray ionization source. Mass spectrograms of incubated pETF and SDH displayed a new series of multiply charged ions between m/z ϳ5400 and 6300 that was not observed in the spectrograms of the individual proteins (Fig. 3) . The new ion series consisted of wide peaks that upon transformation revealed a mean relative molecular mass of 158,858 Da, in agreement with the combined observed mean relative molecular mass values for the SDH and pETF in the sample (158,706 Da). The broad relative molecular mass range (ϳ2000 Da) was similar to the mass distribution of the SDH alone, suggesting that some of the heterogeneity was due to that previously observed in this protein. In addition, differential adduction of salts and water molecules to such a large protein complex is likely to contribute to the heterogeneity. Ion series corresponding to ETF⅐SDH complexes were observed at pH 7.0 and 8.0 with both porcine and human ETFs and were disrupted by skimmer collision-induced dissociation conditions within the ionization source (data not shown), suggesting a specific, noncovalent interaction between the proteins. Under the latter conditions, the signals for the individual flavoproteins were still present. Reducing the energies within the ion source after skimmer collision-induced dissociation allowed reemergence of the pETF⅐SDH complex signal (data not shown).
Mass spectrograms of hETF and DMGDH incubated together also displayed a series of multiply charged ions not observed in the spectrograms of the individual proteins (data not shown). The new series had a calculated mean relative molecular mass of 155,084 Da, consistent with the sum of the mean relative molecular mass values for the DMGDH and hETF (154,919 Da). A wide relative molecular mass range (ϳ2000 Da) again suggested microheterogeneity (data not shown). The ETF⅐DMGDH ion series were observed at pH 6.0 and pH 7.0 when either porcine or human ETFs were used; however, different spectrograms were observed when either of the ETFs was incubated with DMGDH at pH 8.0. At equimolar ratios, the ion series corresponding to the hETF⅐DMGDH complex was observed between m/z ϳ5500 and 6000 (data not shown). At the same concentrations, however, the signal for the pETF⅐DMGDH was not observed (data not shown). The spectrum for hETF incubated with a nonspecific control protein of similar molecular mass to the dehydrogenases (transferrin) displayed only the ion series observed for the individual proteins, indicating that the ETF complexes observed with DMGDH and SDH are not artifacts of the ionization process.
Incubation of ETF with SCAD under a variety of incubation temperatures, times, pH values, and concentration ratios of ETF and SCAD did not lead to the formation of complexes identifiable by microelectrospray ionization-mass spectrometry, even when substrate analogue inhibitors of SCAD (acetoacetyl-CoA or methylenecyclopropylacetyl-CoA) were incubated with the protein prior to the addition of ETF and mass spectrometric analysis.
Acyl-CoA Dehydrogenase Family Members and DMGDH/ SDH Compete for ETF Interaction-Reoxidation
of the primary flavoprotein dehydrogenases by ETF relies on specific structural motifs for interaction of the two proteins. We hypothesized that these motifs would be the same or overlapping for the acyl-CoA dehydrogenases and DMGDH/SDH. If this were true, then the acyl-CoA dehydrogenases and DMGDH/SDH should be able to compete for ETF binding. The addition of SCAD to mass spectrometry incubation mixtures containing DMGDH and ETF interfered with complex formation of the latter two proteins (Fig. 4) . In these experiments, SCAD was added to the incubation mixture at increasing molar ratios, whereas the concentrations of ETF and DMGDH (present at equimolar concentrations) were held constant. Under these conditions, the signal corresponding to the ETF⅐DMGDH complex decreased with increasing concentrations of SCAD, whereas the signal for free DMGDH increased. When the concentration of SCAD reached six times that of ETF and DMGDH, the signal for the ETF⅐DMGDH complex was reduced to nearly background. Thus, the SCAD appeared to compete with DMGDH for binding to ETF, although ETF⅐SCAD complexes could not be visualized directly. Interestingly, the signal for DMGDH was significantly reduced at high SCAD concentrations, suggesting that the excess of SCAD was interfering with ionization of other molecules in the sample. Incubation of transferrin with ETF and DMGDH minimally affected the signal of the ETF⅐DMGDH complex, indicating that the effect observed with SCAD was not a nonspecific one related simply to protein concentration in the incubation mixture. To further support this observation, the addition of increasing concentrations of SDH, but not bovine serum albumin, to an ETF reduction assay (46) mixture containing a constant amount of wild type IVD led to a decrease in the observed IVD activity, indicating competition of the SDH for ETF (data not shown).
SCAD and DMGDH Have Similar Binding Affinities for ETF-Microelectrospray ionization-mass spectrometry did not
afford quantitative analysis of the ETF⅐flavoprotein dehydrogenase interactions, so the interaction of these proteins was further characterized by surface plasmon resonance to determine binding kinetics (25) . To determine solution binding behavior, surface plasmon resonance solution competition experiments were performed (36) . Solution competition experiments provide affinity constants for interaction of two proteins in solution, one of which (the analyte) is able to bind to the immobilized surface molecule. DMGDH was immobilized for a high capacity surface to promote mass transport limitations, establishing favorable conditions for solution competition experiments by allowing analyte consumption at a faster rate than delivery. The calibration curve for determination of free hETF concentration was generated by plotting response at 20 s versus hETF concentration from duplicate experiments. For the solution competition experiments, the hETF concentration was held constant at 1.5 M and mixed with various concentrations of DMGDH or SCAD. The solution affinity curves for DMGDH and SCAD were created from the average of two experiments and revealed affinity constants (K D ) of 2 and 5 M, respectively (Fig. 5) .
DISCUSSION
In this study we report the use of microelectrospray ionization-mass spectrometry and surface plasmon resonance technology to directly characterize the noncovalent interaction of ETF with its primary dehydrogenase binding partners, the first such demonstration in a mammalian system.
Acyl-CoA Dehydrogenase Homotetramer Stability during Electrospray Ionization-The acyl-CoA dehydrogenases are active as a homotetramer containing one noncovalently bound The experiments were performed in duplicate on DMGDH maleimide immobilized surfaces in 10 mM HEPES, pH 8.0, 150 mM NaCl, 0.002% Tween 20 at room temperature. The affinity constants were determined using the BIAevaluation software. The graphs were generated using Sigma Plot.
molecule of FAD/protein subunit. Although the IVD tetramer was unstable during microelectrospray ionization, the SCAD tetramer was maintained during ionization without denaturation or loss of FAD. Initially, a heterogeneous population of SCAD tetramer forms was observed (Fig. 1) , most likely related to variable persulfide-CoA bound during prokaryotic expression and purification (37) . The mass spectrogram of SCAD incubated with acetoacetyl-CoA, however, resolved to a predominant series consistent with four FAD and four acetoacetylCoA molecules bound and a minor species lacking either one FAD or one acetoacetyl-CoA molecule.
DMGDH and SDH Heterogeneity-Accurate molecular masses have not been reported for porcine DMGDH and SDH. To determine this, they were subjected to microelectrospray ionization-mass spectrometry under both denaturing and nondenaturing conditions. In both cases, the mass spectrograms of DMGDH and SDH revealed a broad molecular mass distribution of ϳ2000 Da, indicating heterogeneity of the sample (Fig.  2) . During the electrospray ionization process, the adduction of salt and/or water to larger molecules can lead to heterogeneity in the observed mass; however, the large distribution observed for DMGDH and SDH suggests other contributing factors. Although only one band is observed on SDS-PAGE, several closely related isoforms may be present. Nondenaturing gel electrophoresis of rat liver DMGDH and SDH has been reported to resolve multiple species, even though a single band was present on denaturing gels (11) . Each "isoform" observed was active toward the appropriate substrate and showed spectral characteristics of flavoproteins but could not be separated by chromatographic techniques. In our hands, purified porcine DMGDH exhibited a smeared pattern under nondenaturing electrophoretic conditions (data not shown), again suggesting the presence of heterogeneity. Mass spectrograms are consistent with conformational heterogeneity. The presence of an unstructured, flexible region at the protein surface can produce varied microenvironments for salt and/or water interactions that may be retained during electrospray ionization. Regardless of conditions, heterogeneity was observed in all DMGDH and SDH samples. Although peripheral flexible regions may exist, the inability to denature these monomeric proteins for an accurate mass suggests a tightly folded core structure.
Microelectrospray Ionization-Mass Spectrometry of ETF⅐ Flavoprotein Dehydrogenase Complexes-Microelectrospray ionization-mass spectrometry is emerging as a powerful tool for investigation of noncovalent protein-protein interactions. The interaction of ETF with the primary dehydrogenases is expected to be a weak interaction, based on the known turnover number for the enzymatic reaction and the previous inability to observe these complexes. We used microelectrospray ionization-mass spectrometry to directly demonstrate binding of ETF to flavoprotein dehydrogenases. ETF⅐SDH and ETF⅐DMGDH complexes were identified as series of multiply charged ions not observed in the spectrograms of the individual proteins (Fig. 3) , with molecular masses equal to the sum of the binding partners. These spectrograms are the first direct observation of mammalian ETF⅐flavoprotein dehydrogenase interactions. The rather broad molecular mass distribution observed for the complexes corresponded to the distribution observed for the individual flavoprotein dehydrogenases, suggesting that the heterogeneity observed for SDH and DMGDH did not affect their ability to interact with ETF.
The ability to disrupt the dehydrogenase⅐ETF complexes and the inability to observe ETF⅐protein complexes with a nonspecific protein argue that the microelectrospray ionization-mass spectrometry observed interactions are specific and noncovalent. Disruption of the ETF⅐SDH but not the ETF⅐DMGDH complexes with skimmer collision-induced dissociation conditions indicates that the relative binding affinity of SDH is less than that of DMGDH for ETF. Detection of hETF⅐DMGDH but not pETF⅐DMGDH complexes at pH 8.0 also suggests that DMGDH has a higher affinity toward hETF than pETF.
Substrate was not required for dehydrogenase interaction with ETF, indicating the ability to interact without productive electron transfer. This is a novel finding, offering some insight into the enzyme mechanism and ETF interaction of these enzymes. Crystal structures of medium chain acyl-CoA dehydrogenase with and without bound substrate do not differ greatly, leading to the assumption that significant structural changes are not necessary for interaction with ETF and the transfer of electrons (47) (48) (49) . Our results provide direct evidence for this hypothesis and suggest a common or overlapping motif for interaction of all of the primary flavoprotein dehydrogenases with ETF. This may imply a similar mechanism for the transfer of electrons from both groups of dehydrogenases to ETF. Conformational changes within the interaction domain that occur when substrate binds, however, could increase the affinity of the reduced dehydrogenase for ETF in vivo, providing an advantage for productive interactions resulting in electron transfer (15, 16) .
Ion series representing ETF⅐SCAD complexes were not observed by microelectrospray ionization-mass spectrometry. To determine whether SCAD required a substrate bound form to interact with ETF, one of two substrate analogues were incubated with SCAD. Methylenecyclopropylacetyl-CoA is a specific acyl-CoA dehydrogenase inhibitor that covalently modifies the catalytic base upon entering the substrate-binding pocket (50, 51) . Acetoacetyl-CoA is a dead end inhibitor that is thought to mimic the charge-transfer intermediate state of substrate binding (52) . Addition of either inhibitor did not result in observable ETF⅐SCAD complexes. There are several possibilities for this. The complexes may not form in solution without reduction of the dehydrogenase for productive electron transfer. This is unlikely as discussed above. Alternatively, although the individual proteins ionize well, ETF⅐SCAD complexes formed in solution may not ionize as readily and escape detection. Finally, ETF⅐SCAD complexes that form in solution may dissociate during the ionization process.
Competition between Acyl-CoA Dehydrogenases and DMGDH/ SDH for ETF Association-Although ETF⅐SCAD complexes were not observed directly by microelectrospray ionizationmass spectrometry, the addition of SCAD to ETF⅐DMGDH incubations reduced the mass spectrometry signal of the ETF⅐DMGDH complex (Fig. 4) . This indicates that ETF⅐SCAD complexes formed in solution and that SCAD can compete with DMGDH for interaction with ETF, in agreement with our enzyme competition results. Similar results were observed in the presence of acetoacetyl-CoA-bound SCAD, suggesting that in analogy to DMGDH and SDH, no charge transfer complexrelated structural changes are necessary for interaction of SCAD with ETF. The microelectrospray ionization-mass spectrometry experiments provided a qualitative comparison of these interactions. To quantitatively analyze these interactions, surface plasmon resonance experiments were pursued.
Flavoprotein Dehydrogenases from Two Protein Families Have Similar Affinities for ETF-Kinetic evaluation of ETFflavoprotein dehydrogenase interactions based on the available models has suggested that the K m of acyl-CoA dehydrogenases for ETF is in the low micromolar range (53) . These parameters, however, were determined by monitoring electron transfer rather than by direct measurement of the protein-protein interaction. The K m of DMGDH and SDH for ETF has not been determined. ETF⅐flavoprotein dehydrogenase binding is thought to be transient, lasting only long enough for electron transfer. Quantitating such an interaction requires a technique sensitive enough to detect low affinity, low abundant complexes. Surface plasmon resonance is capable of measuring a wide range of binding affinities (K D ϭ 10 Ϫ3 -10 Ϫ12 M).
Solution interaction of ETF with DMGDH and SCAD was further evaluated by surface plasmon resonance solution competition experiments (25, 36) . These experiments yielded a K D of 2 M for ETF-DMGDH and 5 M for ETF-SCAD interactions in solution. These similar affinities further support the hypothesis that the same or closely overlapping binding motif(s) on ETF are used for flavoprotein dehydrogenase interactions.
Recent developments to couple mass spectrometry and surface plasmon resonance have focused on using matrix-assisted laser desorption ionization time-of-flight for identification of novel ligands able to specifically bind immobilized molecules (1). Our work demonstrates a new approach for combining microelectrospray ionization-mass spectrometry and surface plasmon resonance data for characterization of noncovalent protein complexes. Both tools afford rapid analysis of proteinprotein interactions using nanomole to micromole quantities of protein. Coupling of these techniques will allow rapid functional assessment of ETF⅐dehydrogenase complexes.
